Abstract-Atrazine is a herbicide used most frequently in North America, but it usually is encountered in mixtures of agrochemicals. Few atrazine exposure studies have been conducted using mixed pesticides; therefore, little data are available to suggest reliable means of discerning effects attributable to atrazine. The common freshwater macrophyte, Juncus effusus L., was exposed in 66 mesocosms to atrazine at two nominal concentrations (96 and 192 g/L) with varying concentrations of chlorpyrifos, monosodium methanearsonate, and monomethylmercury. Exposure levels represented typical levels that might follow runoff or direct-spray application in enclosed waterbodies. Using shoot density and number of shoots shorter than 25 cm per unit area as response measurements, the growth effects of atrazine, even in varying pesticide mixes, could be detected as early as 16 d after initial exposure. Further growth effects specifically caused by atrazine also could be detected following a second exposure to the same toxicant mixture. Mesocosm tests offer greater control of natural variability than would be found in the natural environment and offer more realistic conditions than traditional laboratory/greenhouse studies. Therefore, in field testing, growth measurements should be accompanied by other confirmatory tests, such as pesticide concentrations in tissue and, possibly, chlorophyll concentrations, for measuring specific toxic effects of atrazine and other pesticides.
INTRODUCTION
The annual application rate of pesticides in the United States now exceeds 500 million kg. Herbicides account for most pesticides that are released, and atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-s-triazine) is reputed to lead herbicide use in North America [1] [2] [3] (http://www.ncfap.org/ ncfap.nationalsummary1997.pdf). Atrazine typically is used in preemergent applications for corn, sorghum, sugarcane, and other crops, and it affects weed control by interfering with photosystem II, thus inhibiting photosynthesis. Nontarget organisms located in or surrounding waterbodies can be impacted by spray drift, runoff, direct overspray, revolatilization, and contaminated soil resulting from use of atrazine and other agricultural chemicals, underscoring the importance of assessing their fate and effects on plant communities in the aquatic ecosystem [4] [5] [6] .
In 1994, the U.S. Environmental Protection Agency (U.S. EPA) solicited information regarding the ecological effects from residues of the triazines, atrazine, simazine, and cyanazine, ''because they have the potential to affect aquatic organisms and terrestrial plants and their ecosystems'' [7] . In response, Solomon et al. [8] reviewed the ecological risk of atrazine in North American surface waters and summarized potential effects of atrazine on both freshwater and saltwater organisms. The review indicated that the most sensitive organisms are phytoplankton, followed by macrophytes, benthic invertebrates, zooplankton, and fish. Results from previous mesocosm studies included in the review indicate that when concentrations exceed 20 g/L, a reduction in phytoplankton * To whom correspondence may be addressed (tom.lytle@usm.edu).
and macrophyte populations occur. However, populations reestablish quickly even in the presence of persistent low concentrations of atrazine. Though Solomon et al. [8] concluded that atrazine does not pose a significant threat to the aquatic environment, they cautioned that when atrazine is retained in small, standing-water reservoirs or has repeated inputs to a reservoir, significant damage could occur.
Most aquatic toxicity studies with atrazine have used single chemical exposures [9] [10] [11] . Only scattered reports using mixed toxicants [12] , with some including atrazine [13] , have attempted to address the potential threat to wetland and aquatic plants posed by mixtures of agricultural pesticides [14, 15] . In an effort to assess responses under more realistic conditions, several organisms, including the plants reported in the present study, in outdoor mesocosms were exposed to elevated concentrations of atrazine interacting with methylmercury and two other agricultural pesticides, the insecticide chlorpyrifos and another herbicide, monosodium methanearsonate (MSMA). The mesocosm study was located in the northwestern region of Mississippi (USA), where the three pesticides receive significant agricultural use. The pesticides used in the present study were chosen because they have significant, widespread agricultural use in the western river delta region of Mississippi as well as throughout the southeastern United States. Methylmercury was added to mesocosm sediments to provide a typical exposure medium for the group of organisms tested, because it is found at elevated concentrations in pond and lake sediments of northwestern Mississippi.
At the organismal level, growth typically was used as a measure of overall toxic effect to plants [6, 14] 2  2  2  2  0  0  0  0   2  2  0  0  2  2  0  0   2  0  2  0  2  0  2  0   1  1  1  1  1  1   1  1  1  1  1  1   1  1  1  1  1  1   2  2  2  2  0  0  0  0   2  2  0  0  2  2  0  0   2  0  2  0  2  0  2  0 a Sixty-six mesososms were divided into three identically treated groups of 22, with the distribution within these 22 shown. Eight mesocosms received a control treatment of 0 g/L of atrazine, and eight more received 192 g/L of atrazine with other toxicants in amounts indicated by the symbols of 0, 1, and 2. Chlorpyrifos (Chlorp) was nominally added to 0 g/L (0) or 51 g/L (2), monosodium methanearsonate (MSMA) at 0 g/L (0) or 219 g/L (2), and methylmercury (MeHg) either not added (0) or at levels to elevate the top 1 cm of sediment by 0.2 mg/kg of Hg (2) . The other six mesocosms were identically treated with half the concentrations of 192, 51, and 219 g/L or 0.2 mg/kg (1) of atrazine, chlorpyrifos, MSMA, and methylmercury, respectively. Mesocosms with underlined toxicant treatment symbols were those receiving the repeated treatment (exactly as in initial treatment) at day 62.
rush), that occurs throughout the eastern United States. The objectives of the present study were to determine whether growth effects attributable to atrazine could be discerned against a backdrop of varying mixtures of other pesticides commonly occurring with atrazine, to compare growth endpoints with potential application to field use, and to examine the effects on growth of repeated exposures of pesticide mixes containing atrazine. In the present study, shoot density and number of shoots less than 25 cm in length per unit area proved to be useful in detecting not only growth effects of atrazine accompanied by other toxicants but also in distinguishing effects of a second atrazine exposure.
MATERIALS AND METHODS
Details of the mesocosm experiment have been described previously by Lytle and Lytle [15] and are briefly described here.
Experimental site and mesocosm design
The present study was carried out at the University of Mississippi Field Station using a group of sixty-six 500-L fiberglass mesocosms in a single enclosure that was surrounded by constructed ponds. Sediment taken from surrounding ponds and containing the natural seed bank populated by J. effusus was placed in plastic strawberry baskets, and five baskets were placed atop the sediment in each mesocosm. The mesocosms were filled with water (310 L) from one spring-fed pond.
Treatment methods
Three concentrations for each toxicant were used in the exposures. The highest concentration for each chemical was its expected environmental concentration (EEC). This was calculated using rainfall data, typical land drainage patterns, soil types, and application rate of that pesticide in the Mississippi Delta [16] . This EEC represents the expected concentration exposure resulting from runoff of a chemical under the given conditions and is a worst-case model. The EECs of atrazine, chlorpyrifos, and MSMA calculated for the Mississippi Delta were 192, 51 and 219 g/L, respectively. The highest concentration for methylmercury was achieved by adding to the water column an amount that would increase the concentration of mercury in the top 1 cm of sediment by 0.2 mg/kg (assuming 100% transfer to sediment). The other two toxicant concentrations used were half the EEC for each toxicant and a control concentration that refers to no addition of that specific toxicant.
Mesocosms were randomly divided into three replicate groups of 22 each. In each group of 22, 16 mesocosms received 1 of 16 possible combinations of either a zero concentration or the EEC of the four toxicants (Table 1) . Of those 16 combinations, eight mixtures contained a nominal concentration of 192 g/L of atrazine, and eight mixtures contained a nominal concentration of 0 g/L of atrazine. Six mesocosms were treated identically and received a treatment of all four toxicants at half the nominal EECs, including a nominal concentration of 96 g/L of atrazine. The treatments within each group of 22 were randomly assigned. On day 62, half the mesocosms were treated a second time with the same concentrations as used initially to simulate a second pulse of toxicant. As part of the quality assurance of the present study, the identity of the exposure regime used in each mesocosm was not revealed to any investigator until all analyses were completed and the project officer received all data.
Chemicals used and delivery of toxicants
Atrazine, chlorpyrifos, and MSMA were 98% pure as obtained from Chem Service (Westchester, PA, USA). Monomethylmercury chloride was 97 to 99% pure as obtained from Pfaltz and Bauer (Waterbury, CT, USA). Each mesocosm was treated with a single 10-ml aliquot of acetone solution containing appropriate amounts of all toxicants intended for that mesocosm, including acetone only in the three mesocosms receiving none of the toxicants. The toxicants were introduced beneath the water surface and then thoroughly mixed through vigorous stirring.
Sampling
One plant container (strawberry basket) was removed from one of the three replicate groups of 22 mesocosms on days 1, 2, 4, 8, 16, 32, 64, 70, and 94 after the initial treatment on day 0, alternating among the three groups of 22 for each sampling day. Sampling on days 64, 70, and 94 occurred at days 2, 8, and 32 after the second dosing. Each plant container was separated into individual plants, thoroughly washed to remove sediment debris, and finally, rinsed with distilled water. Plant 1200 Environ. Toxicol. Chem. 24, 2005 T.F. Lytle and J.S. Lytle 
a Results are row-wise analysis of variance comparison results that are computed and tabulated separately for each sampling day; no statistical comparisons were made between days. For samples collected after the second dosing on day 62, samples are separated into those that received only the initial dose and those that received the second dose (with suffix-re). Data are gathered in two groups; the top group contains comparisons of mean number of shoots falling within distinct length ranges (with data shown in Fig. 3 ), and the second group are total mean number of shoots of lengths less than the values listed. Statistical comparisons are made each day among sample data means collected from control mesocosms with no added atrazine (column heading of 0), 96 g/L of atrazine (column heading of 1), and 192 g/L of atrazine (column heading of 2). Within the three data groups (0, 1, and 2) for a given day, a shared letter (A or B) between any pair signifies no significant difference at p Ͻ 0.05.
shoots from each container were counted, and each shoot length was measured and recorded. In a concurrent collectionand-analysis study of these mesocosms [15] , atrazine was measured in water at each sampling day, and it remained within 10% of nominal values on sampling days 1 and 2 and within 20% through sampling day 16 following initial treatment, with similar results following repeat treatment. Measurements in mesocosms with control treatments of atrazine revealed concentrations between 0.46 and 1.7 g/L throughout the study [15] .
Statistical analysis
Individual shoot length and number of shoots for each plant container were compiled as follows: Mean shoot length, sum of total shoot lengths, total number of shoots, and number of shoots sorted within 5-and 10-cm length classes. Data arranged by day of collection through day 32 yielded six sets of data. Three additional sets of data were compiled for each growth parameter from collections made on days 64, 70, and 94 in mesocosms receiving only the original single treatment and another three sets from collections made on days 64, 70, and 94 in mesocosms receiving a second treatment. The 12 sets of data were further sorted into three groups: Those receiving nominal concentrations of 0 (control), 96, and 192 l of atrazine. All data discussion will refer to data groups by these nominal atrazine concentrations. Analysis of variance was used in data comparisons within each data set with ex post facto least significant difference multiple-range tests (p Ͻ 0.05) used to establish homogenous groups of data. Statgraphics Plus was used for this data analysis [17] . No readily apparent evidence of growth effects could be determined when sorting growth data by concentration of the other three toxicants; therefore, only data treatment derived from sorting by atrazine concentration is discussed. The alternation among three distinct groups of 22 mesocosms at each sampling was included in the experimental design to permit a period of adjustment of the mesocosms to the disruption of the sampling event. It was known that this was likely to compromise dayto-day statistical comparisons. Visual comparison of all data collected, much of which are not reported here, did reveal patterns that suggested small but distinct differences among the three groups of mesocosms; therefore, the only comparisons reported are those among treatments for each sampling day.
RESULTS

Overall growth parameters
Three graphs depicting growth of J. effusus during this 94-d study are shown in Figure 1 using bar graphs for mean shoot lengths, mean number of shoots/plant basket, and total shoot length/plant basket, with indications of any statistically significant differences among exposure groups for each sampling day. Each graph also includes results of those mesocosms that were treated again on day 62. Variability among treatments increased as the present study progressed so that large differences among means for a given day often did not meet requirements of statistical significance for later sampling days.
Mean shoot length. Control plants (0 g/L) had greater shoot lengths than atrazine-exposed plants for the first 4 d (Fig. 1, top) . However, from day 8 to day 32, plants exposed at both the 96 and 192 g/L of atrazine had progressively longer shoots than the controls, which became statistically significant on day 32. However, this trend was reversed by days 64 and 70, with greater mean shoot length in control plants. Comparing mean shoot lengths for plants both singly and doubly treated in collections after day 62 failed to reveal any trend that distinguished growth in plants receiving the second treatment from those receiving only the initial treatment of atrazine.
Mean number of shoots per plant basket. The number of shoots in plant baskets of atrazine controls generally increased more rapidly than in those treated with atrazine through day 1-94) . Samples labeled 64r, 70r, and 94r are mean values of all mesocosms receiving second treatment at day 62 (shown with arrow). For a given day, letters (a, b, and c) above bars indicate significant differences among the treatment levels, and those bars not sharing a letter are significantly different (p Ͻ 0.05). Variability increased as the study progressed, and some large differences among the treatments on a single day often did not meet the statistical test of significance in spite of these large differences.
32, at which time the number of shoots in the atrazine controls were significantly greater than those in atrazine-exposed plant baskets (Fig. 1, middle) . After day 32, no significant differences were found in the number of shoots per plant basket between control and singly atrazine-treated plants. However, in mesocosms receiving a second treatment of atrazine, plants exposed to a second treatment of 96 and 192 g/L of atrazine had significantly fewer shoots on day 94 compared to control plants.
Total shoot length. Though not statistically significant, total plant shoot length, which is representative of total biomass, in plants not exposed to atrazine was greater than in those exposed to either 96 or 192 g/L of atrazine, with a pattern of linear decline in total cumulative shoot length for plants in the two atrazine treatments (Fig. 1, bottom) . This trend was most pronounced in plants from mesocosms receiving two treatments and was statistically significant at day 94, showing distinct growth effects of atrazine to plants following the second treatment not observed in those plants receiving only a single treatment.
Growth within distinct length ranges
Graphs denoting the number of plant shoots per basket having a given length are plotted in sequential length ranges for days 1, 2, 4, 8, 16, and 32 and shown in Figure 2 . Statistical comparisons for these shoot length frequencies among exposure groups for each sampling day are summarized in Table  2 . A variation of this data analysis also was examined by computing cumulative shoot length frequencies from 0 to 10 cm up to 0 to 55 cm, which also were compared; statistical comparisons are shown in Table 2 .
Shoot length range comparisons. At day 8, a statistically greater number of plant shoots with the shortest shoot lengths were seen in plants exposed to 96 and 192 g/L of atrazine compared to controls, though on days 16 and 32, a statistically higher number of plant shoots with shorter lengths was observed in the controls compared to plants receiving 96 or 192 g/L of atrazine. On day 32, significantly more plant shoots were observed in mesocosms receiving 0 g/L of atrazine for all shoot ranges up to 20 to 25 cm in length, and this trend continued through plant shoots of 45 to 55 cm in length (Fig.  2) .
On day 64, the number of small plant shoots was too limited Table 2. for meaningful statistical comparisons, but a greater abundance of plants with lengths greater than 15 cm was found in the control mesocosms than in those receiving treatments of 96 or 192 g/L. By day 94, the plant shoot lengths in all three treatments were statistically indistinguishable. Plants in mesocosms exposed to a repeat atrazine treatment contained very few of the shorter shoot lengths, and growth suppression was observed only among shoots of greater than 35 cm in length. This growth parameter failed to signal a difference in growth that could be linked to the second treatment of atrazine.
Cumulative shoot lengths. Statistical data in Table 2 indicated that by day 16, the total number of shoots of lengths under 25 cm was significantly less in both 96 and 192 g/L treatments of atrazine than in the control treatment. By day 32, significantly fewer cumulative shoot lengths less than 55 cm were found in 96 and 192 g/L treatments of atrazine. Beyond day 64, no significant difference was found in cumulative shoot lengths between control atrazine and 96 or 192 g/L treatments, even from mesocosms receiving a repeat treatment.
DISCUSSION
Atrazine is toxic to most broad-leaved plants but not to some of the narrow-leaved annual species, such as corn and certain agricultural crops, because they are able to rapidly convert absorbed atrazine into nontoxic metabolites [18, 19] . Atrazine at concentrations as low as 10 g/L can be toxic to algal communities [20, 21] . Aquatic macrophytes, often located near sites where atrazine and other pesticides are used, may be exposed to very high environmental concentrations, such as those used in the present study. Because herbicides in general are more toxic to aquatic plants than to benthic invertebrates and fish, our hypothesis was that atrazine in any one of the possible mixes of pesticides would affect the growth of J. effusus. Our results indicated that shoot length and shoot density were reduced significantly by day 32 when exposed to pesticide mixtures containing atrazine at a nominal concentration of either 96 or 192 g/L. Moreover, by day 32, the number of shoots within sequential length ranges of from 0 to 5 cm up to 45 to 55 cm were significantly reduced compared to those without atrazine exposure.
Estuarine aquatic macrophytes also are affected by atrazine. Kemp et al. [22] demonstrated that atrazine affected growth of the estuarine aquatic macrophytes Potamogeton perfoliatus and Myriophyllum spicatum at 30 and 91 g/L, respectively. Correll and Wu [23] showed that Vallisneria americana biomass significantly decreased following a 47-d exposure to 12 g/L of atrazine. In a greenhouse study using the salt marsh plant J. roemerianus, Lytle and Lytle [11] observed significant growth effects after a five-week exposure to the average atrazine concentration of 3,800 g/L. Subsequently, fewer than 10% of the plants were alive after one year following exposure.
Fairchild et al. [13] carried out a study to determine whether atrazine in the presence of the insecticide esfenvalerate would change the bioavailability and effects of the insecticide in aquatic mesocosms. Results indicated that the bioavailability of esfenvalerate was similar with or without atrazine, even though it did alter the macrophyte species composition.
The most obvious and pronounced growth effects to J. effusus in the present study occurred 32 d following the initial exposure to atrazine and again 32 d following the second exposure. This time of maximum growth effect also coincided with the maximum tissue burden of atrazine analyzed on day 16 and on day 32 and reported by Lytle and Lytle [15] following initial exposure (e.g., 1,130 ng/g, with another maximum occurring 32 d after second exposure).
At first glance, the statistically greater abundance of shorter shoots (new growth) in plants exposed to a nominal concentration of 96 g/L of atrazine measured at day 8 came as a surprise. However, this may have been an effect of hormesis, because after day 8, a significant suppression of these shorter shoots was observed in exposed plants. Hormesis is defined as the stimulatory effect of subtoxic exposures of any substance on an organism. Webb [24] concluded that it was common for enzyme inhibitors to stimulate metabolism, and Thimann [25] emphasized that most substances that typically inhibit a biological process also will stimulate that process at sufficiently low concentrations. We have observed this stimulatory effect in laboratory studies with the wetland plants Sesbania vesicaria and Vigna luteola when exposed to 0.05 g/L of atrazine. Both plant species responded to this low exposure concentration with an increase in ascorbic acid synthesis [26] .
A simple field measurement, counting all shoots less than 25 cm within a given area, can detect significant growth effects within 16 d after initial exposure. This is more than two weeks before overall growth measurements could demonstrate inhibitory effects. This measurement quickly establishes that growth has been impaired. However, during mature, senescent growth phases, such as occurred during the second treatment of half the mesocosms in the present study, this particular field measurement would be of little use in distinguishing effects caused by the repeat exposure to atrazine.
Mean shoot lengths of individual plants within baskets were, in general, greater in the atrazine-exposed plants compared to the controls from the earlier sampling days to day 32. However, this can be explained by the number of total shoots. More young shoots were found in the control baskets than in the baskets exposed to 96 or 192 g/L of atrazine. This skewed the mean length of the atrazine-exposed plants to a longer shoot length and, accordingly, the controls to shorter mean lengths. By day 64, all plants had reached their greatest length and were in a mature, senescent phase with subsequent degradation of shoot tips and growth suppression. Growth measurements indicated no significant effects after senescence through day 94 in singly treated mesocosms. However, the number of shoots in plant baskets exposed to a repeat treatment of atrazine and the total shoot length of all shoots within the baskets were statistically suppressed compared to controls at day 94, suggesting that these growth parameters could identify growth effects in a field experiment that would be missed by counting only young, shorter shoots.
CONCLUSIONS
The present study suggested that the herbicide atrazine can affect the growth of nontarget aquatic plants when concentrations reach high EECs in regions where pesticides tend to accumulate. Furthermore, the growth effects caused by atrazine exposure can be detected even when atrazine is used in varying combinations with chlorpyrifos, MSMA, and methylmercury and, conceivably, in other pesticide mixtures as well. Even during senescence, a repeat treatment of atrazine in a pesticide mixture produced easily detectable and significant growth changes, suggesting that atrazine produces measurable growth effects even following repeated atrazine treatments. Though changes in physiological parameters have been used for assessing herbicide effects, the reduction in growth remains the basic endpoint for assessing herbicide effects on susceptible plants. Growth endpoints that were most definitive of growth inhibition were mean shoot density and shoot frequencies with shoot length less than 25 cm. These parameters in combination not only could yield early detection of growth effects but also indicated the continued effects of repeat exposures and linked both to the presence of atrazine within a toxicant mixture. Other endpoints, such as biomass measurements, may have detected growth effects earlier or with greater data consistency but without the ease of application in the field or nondestructive nature of the shoot counts and length measurements.
